ABSTRACT: Most retinal imaging has been performed using optical techniques. This paper reviews alternative retinal imaging methods based on MRI performed with spatial resolution sufficient to resolve multiple well-defined retinal layers. The development of these MRI technologies to study retinal anatomy, physiology (blood flow, blood volume, and oxygenation) and function, and their applications to the study of normal retinas, retinal degeneration and diabetic retinopathy in animal models are discussed. Although the spatiotemporal resolution of MRI is poorer than that of optical imaging techniques, it is unhampered by media opacity and can thus image all retinal and pararetinal structures, and has the potential to provide multiple unique clinically relevant data in a single setting and could thus complement existing retinal imaging techniques. In turn, the highly structured retina with well-defined layers is an excellent model for advancing emerging highresolution anatomical, physiological and functional MRI technologies.
Although both vasculatures are required for proper retinal function, blood flow is regulated differently in the retinal and choroidal vessels. Basal choroidal blood flow is many times higher than retinal blood flow and responds uniquely to many regulating factors (1, 4, 5, 10, 11) . In contrast, retinal blood flow is similar to cerebral blood flow, and responds similarly to regulating factors as in the brain. For example, hyperoxia markedly decreases retinal blood flow (vasoconstriction), and hypercapnia markedly increases retinal blood flow (vasodilation), whereas hyperoxia and hypercapnia have smaller effects on choroidal blood flow. The high choroidal blood flow may be in excess of local metabolic requirements, and may be necessary to maintain a large oxygenation gradient (12) and to dissipate heat produced by light (13, 14) .
Existing optical techniques
With a few exceptions, the retina has been historically studied in vivo using optically based imaging techniques to study anatomy [fundus imaging, scanning laser ophthalmoscopy and optical coherence tomography (15) ] or image blood flow [fluorescein angiography (16) , indocyanine green angiography (17) , Heidelberg Retina Flowmeter (18) and indocyanine green angiography (19) , laser Doppler velocimetry and flowmetry (20, 21) and laser speckle imaging (22, 23) ]. The advantage of optical imaging techniques is their remarkably high temporal and spatial resolution. However, the limitations of these techniques are that they require unobstructed light paths, have a small field of view, and cannot resolve signals from different laminar structures (except optical coherence tomography). Consequently, eye diseases, such as senile cataract and vitreous hemorrhage, often preclude applications of optical retinal imaging techniques. Moreover, blood-flow measurements of the retina have been limited to large surface vessels, which may not accurately reflect local tissue perfusion, and the choroidal vessels are generally inaccessible because they are hidden from view by the retinal pigment epithelium.
MRI
MRI has become a powerful diagnostic tool because it can provide non-invasive anatomical, physiological and functional information in a single setting. Although the spatial resolution of MRI is low compared with that of optical imaging techniques, MRI has no depth limitation, has a large field of view, and is capable of imaging the whole body non-invasively. In the past decade, numerous advances contributed by many laboratories have improved the spatial resolution and contrast of MRI, which is currently capable of visualizing columnar structure and cortical layers in the brain (24) (25) (26) (27) (28) (29) . These advances have made it possible to explore the possibility of using MRI to visualize anatomy, physiology and function in the retina with laminar-specific resolution.
AIMS OF THIS REVIEW
This paper reviews the recent developments and applications of high-resolution anatomical, physiological (blood flow, blood volume and oxygenation) and functional imaging technologies based on MRI in the retina with layer specificity. It starts by describing the anatomical, blood-oxygenation-level-dependent (BOLD), bloodvolume, blood-flow and manganese-enhanced MRI (MEMRI) of normal retinas, followed by applications of these MRI technologies to investigate two animal models of retinal diseases (retinal degeneration and diabetic retinopathy). MRI offers some unique advantages over existing retinal imaging techniques. In return, the highly structured retina with well-defined layers is an excellent model system for testing and advancing emerging high-resolution, high-contrast anatomical, physiological and functional MRI technologies. These approaches are expected to complement optically based imaging techniques.
A number of studies have begun to explore the potential of MRI for investigating the retina (9, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . In this review, we will primarily focus on techniques, methods and results from our laboratory. Additional important topics have been addressed by other contributors to this special issue.
STRUCTURAL MRI
MRI is the method of choice for non-invasive anatomical imaging because of its excellent soft-tissue contrast. The common MRI contrasts are determined by spin density, spin-lattice relaxation time (T 1 ), spin-spin relaxation time (T 2 ) and apparent diffusion coefficient (ADC). These contrasts arise from regional differences in water density, macro-and micro-molecular content, ion concentrations and tissue microenvironment, among others. Importantly, these contrasts are often altered in diseases, dependent on disease severity, and specific pathology. Thus, MRI has the potential to detect early disease onset, characterize pathogenesis, and provide improved disease specificity and, longitudinally monitor disease progression noninvasively in vivo.
In addition, the nascent capacity of MRI to distinguish various tissue types in normal and disease states can be further enhanced with exogenous contrast agents. For example, gadolinium diethylenetriaminepenta-acetic acid (GdDTPA) is a biologically stable and non-toxic MRI contrast agent which shortens water T 1 . Normal vessels in the brain and retina are impermeable to GdDTPA because of the presence of the blood-brain and blood-retina barriers, respectively. The retinal vessels consist of nonfenestrated capillaries which are impervious to many tracers, including GdDTPA. In the choroidal circulation, tight junctions between retinal epithelial cells prevent the passage of large molecules (including GdDTPA) from the choriocapillaris (45) . Thus, GdDTPA selectively enhances signal in the blood vessels, providing valuable contrast. Moreover, disease-induced changes in vascular permeability (such as brain tumor and stroke) can also be visualized and quantified using GdDTPA-enhanced MRI.
T 1 , T 2 , diffusion-weighted and GdDTPA contrasts MRI can resolve different anatomical layers in the retina in cats (30, 46, 47) . Multiple 'layers' in the retina are observed as alternating bright, dark and bright bands on anatomical images ( Fig. 2A, 100 Â 100 mm) . The vitreous and the sclera appear relatively hypointense because the vitreous has a long T 1 and the sclera has low water content and short T 2 . To corroborate the laminar classification, contrastenhanced imaging was performed using intravenous GdDTPA (Fig. 2B) . GdDTPA enhanced MRI signal on both sides of the retina. Importantly, the outer band was enhanced more and appeared thicker than the inner band. Greater GdDTPA enhancement of the outer band compared with the inner band is consistent with the greater choroidal blood flow and volume than in the retinal vasculature (1, 4, 5) . In contrast, the vitreous and the middle segment of the retina were not enhanced by GdDTPA, consistent with their avascular structures. As expected, enhancement was observed in the extraocular muscles because their blood vessels are permeable to GdDTPA. Similarly, enhancement was observed in the anterior segment of the eye because the ciliary body is permeable to GdDTPA.
In addition, diffusion imaging with diffusion-sensitizing gradients along three principal directions ( Fig. 3 ; 50 Â 100 mm) revealed diffusion anisotropy in the retina. This is because water displacement in biological tissues is restrictive and anisotropic in the presence of semipermeable cell membranes and macrostructures. With the diffusion gradient direction perpendicular to the retinal surface at the back of the eye (z axis), alternating bright, dark and bright strips were observed. Three strips on this image co-registered with the three strips on the anatomical images. Layer-specific T 2 and ADC values are summarized in Table 1 (30) . The overall T 2 and ADC values of the retina are similar to those of the brain but differ markedly from those of the vitreous and sclera.
To further corroborate the layer-specific resolution of the cat retina, we investigated the rat retina at higher spatial resolution (60 Â 60 Â 500 mm) (9) . Adult male Sprague-Dawley rats of 250-350 g were studied. Consistent with the cat data, three distinct 'layers' of alternating bright, dark and bright bands were observed (Fig. 4) . Similarly, GdDTPA administration markedly enhanced retinal boundaries, with significantly thicker and more enhanced outer strips than inner strip (Fig. 5 ) consistent with the greater blood flow in the choroid than in the retinal vasculature. Together, these results confirmed the layer-specific anatomical findings in cats.
Layer assignments and thicknesses
To assign MRI-derived retinal 'layers', images were carefully compared with standard histology. A histological section depicting standard cell layers, the embedded retinal vascular layer and a distinct choroidal vascular layer is shown in Fig. 6 . Comparative analysis yielded the following layer assignments. The inner MRI band correlated with the combined GCL and INL with the embedded retinal vessels. Consistent with the inclusion of a vascular component. GdDTPA enhanced this band. The middle band, which appeared relatively hypointense on anatomical imaging, was not enhanced by GdDTPA and Unpublished rat data (n ¼ 7) obtained using essentially identical sequence parameters as herein.
c Average ADC measured along x, y and z direction separately from rat brain (132) .
was thus assigned as the avascular ONL and the photoreceptor segments. GdDTPA enhanced the outer band, which was assigned as the choroidal vascular layer (9) . To quantitatively determine laminar thicknesses, the borders of visualized MRI layers assigned to the retina were detected using an automatic edge-detection technique (Fig. 7) . Intensity profiles were projected radially perpendicular to the vitreal-retinal boundary (9) . These radial projections were obtained along the length of the retina and averaged into a single intensity profile. The 'half height' method (48, 49) , analogous to common methods for measuring vessel diameters in optical imaging studies, was used to automatically determine band thicknesses. The validity of this approach has been verified by simulation studies (9) .
Reproducibility of repeated layer-specific MRI thickness measurements within the same subjects and across subjects has also been evaluated (9) . The inner, middle and outer band thicknesses of the adult Sprague-Dawley rat retina determined by MRI were, respectively, 101 AE 17, 79 AE 11, and 86 AE 10 mm (total MRI thickness 267 AE 31 mm; mean AE SD, n ¼ 24). The corresponding histological layer thicknesses were 92 AE 9 mm for the innermost layer including the GCL þ IPL þ INL, 77 AE 9 mm for the central layer including OPL þ ONL þ OS þ IS, and 37 AE 8 mm for the outer layer including choroid (total histological thickness ¼ 205 AE 11 mm, n ¼ 9). MRI-derived thicknesses of the inner and middle bands were similar to histological measurements (P > 0.05), whereas the outer band was significantly thicker than the histology-derived thickness of the choroidal vascular layer (P < 0.05). The discrepancy between the in vivo and histological measurements of the outer band may arise from the partial-volume effect because of limited MRI spatial resolution, collapse of choroidal vessels after removal of the eyes from systemic circulation, and histological shrinkage, underscoring the importance of in vivo measurements.
Interestingly, the total retinal thickness of the cat retina (MRI-derived, 356 AE 13 mm including the choroid; histology-derived, 319 AE 77 mm; mean AE SD) was significantly thicker (P < 0.05) than the rat retina (267 AE 31 mm and 205 AE 11 mm, respectively). The greater thickness of the cat retina, measured by MRI, is attributed to its tapetum ( Fig. 6 ), an additional lightreflecting layer that facilitates night vision. The tapetum is vascularized and its MRI contrast is enhanced by intravenously administered GdDTPA. The neural retina in cat was 184 AE 32 mm, the tapetum was 86 AE 35 mm, and the choroid was 82 AE 14 mm by histology (30) . Taken together, these MRI layer assignments are consistent with known cellular and vascular laminar structures of the retina in the two species. MRI studies of mouse (31) and rat (37) retinas with layer specificity have also been reported, with similar total retinal thickness in rodents.
BOLD MRI
In the brain, neurovascular coupling of blood flow, blood volume and oxygenation to metabolism and function has been well described for over a century (50) . Experimental evidence of such coupling in the retina has only been reported recently. For example, flickering light increases blood flow in the optic nerve head as detected by laser Doppler flowmetry (51, 52) . Physiological stimulation with oxygen or carbogen modulates tissue oxygenation as measured by oxygen polarographic electrodes (7, 53) . Visual stimulation modulates optical absorption in the retina as detected by intrinsic optical imaging (22, 54, 55) . Physiologically evoked blood-flow changes in the retina have been detected by laser speckle imaging (22, 23) . These approaches, however, cannot provide layer-specific mapping information. Retinal anatomy and function are organized in a layer-specific manner, and many retinal diseases affect different retinal layers differently. Thus, layer-specific detection could improve our understanding of pathogenesis and early detection of retinal diseases.
Functional MRI (fMRI) (56) is widely used to noninvasively image brain processes ranging from perception to cognition (57-59), and has made remarkable contribution to many scientific disciplines. The most widely used fMRI technique is based on the BOLD signal (56) . BOLD contrast originates from the intravoxel magnetic field inhomogeneity induced by paramagnetic deoxyhemoglobin in red blood cells. Changes in regional deoxyhemoglobin content can be visualized in susceptibility-sensitized BOLD images. When a task is performed, regional blood flow to specific brain areas increases, enhancing oxygen delivery beyond the stimulus-evoked increase in oxygen consumption needed to fuel elevated neural activity. The net increase in delivered oxygenated blood produces a regional reduction in deoxyhemoglobin concentration and is detected as an increase in BOLD signal relative to baseline conditions. Therefore, BOLD fMRI provides sensitive and noninvasive visualization of dynamic brain activity in real time. It is important to note that BOLD fMRI does not measure neural activity directly; rather, it detects hemodynamic and metabolic changes associated with increased neural activity. Therefore, assessment of 'function' is derived from hemodynamic-metabolic coupling, which has been correlated with evoked field potentials (60) . Similarly, stimulus-evoked changes in blood flow and blood volume can also be measured. Although blood-flow and blood-volume fMRI generally have poorer sensitivity per unit time, they are more spatially specific to the site of 'activations' (61) and easier to interpret because these two techniques measure single physiological parameters, in contrast with the BOLD fMRI technique which is a convolution of changes in blood flow, oxygenation metabolism and biophysical parameters (61) .
BOLD fMRI techniques have also been extensively utilized to study neurovascular coupling (neurovascular reactivity) in the brain associated with physiological (such as hyperoxic and mild hypercapnic) challenges (62) (63) (64) (65) . These physiological stimuli modulate cerebral blood flow, blood volume and oxygenation without changing neural activity, providing valuable information about the integrity of neurovascular coupling, independent of changes in neural activity in normal and diseased brain.
We used high-resolution BOLD physiological fMRI to study retinal neurovascular coupling using hyperoxic (100% O 2 ) and hypercapnic (5% CO 2 þ 21% O 2 ) challenges with air as the baseline (9) . Spin-echo echo-planar imaging at 90 Â 90 mm was implemented with diffusion weighting to suppress the strong vitreous signals. Layerspecific physiological fMRI responses were detected using BOLD fMRI (Fig. 8) . Importantly, the two vascular layers in the retina responded differently to the inhalation stimuli, indicating differential blood-flow regulation. To objectively analyze the layer-specific BOLD physiological fMRI data and minimize the partial-volume effect, three equal regions of interest were automatically prescribed for the three 'bands'. The outer and inner probably predominantly included the choroidal and retinal vascular layers.
Hyperoxic challenge
Hyperoxia induced a larger BOLD response in the outer band (12 AE 2%, mean AE SD, n ¼ 8) than in the inner band (7 AE 2%, P < 0.01). We interpret this as being due to increased capillary and venous oxygen saturation, thus increased BOLD signal relative to baseline (56) . Interestingly, the arteriovenous oxygen difference in the choroid is small compared with the brain (1, 4, 5) , and thus one might expect a correspondingly smaller hyperoxia-induced increase in BOLD signal in the choroid. However, our hyperoxia-induced BOLD data showed a larger increase in the outer band (choroidal vascular layer) than in the inner band (retinal vascular layer). This is probably because hyperoxia is known to vasoconstrict retinal vessels and thus markedly decrease retinal blood flow by as much as 60% (20, 66) [compared with typical 13% in the brain (67)], which counteracts the BOLD signal increase from elevated oxygen tension by hyperoxia per se in the retinal vessels. In contrast, hyperoxia does not significantly vasoconstrict choroidal vessels and thus does not significantly affect choroidal blood flow (20, 66) . Thus, the BOLD signal increase in the inner band containing the retinal vessels was smaller than in the outer band containing the choroidal vessels. The higher choroidal vascular density in the outer band and the lower retinal vascular density in the inner band may further amplify the differential BOLD responses between the two vasculatures.
Hypercapnic challenge
In contrast with hyperoxia, hypercapnia induced a smaller BOLD response in the outer band (1.6 AE 1%; mean AE SD, n ¼ 8) than in the inner band (10 AE 2%, P < 0.01). This is because CO 2 inhalation increases blood flow from vasodilation, resulting in decreased fractional oxygen extraction and increased capillary and venous oxygen saturation, and thus increases BOLD signal relative to baseline (56) . In the retina, hypercapnia strongly vasodilates retinal vessels, whereas it has a smaller vasodilatory effect on choroidal blood vessels (5, 66) . The reduced choroidal vasodilation is probably due to unique choroidal physiology or a 'ceiling effect' as the result of high basal choroidal blood flow (64) . Thus, the BOLD signal increase in the inner band containing the retinal vessels was larger than in the outer band containing the choroidal vessels. In sum, the BOLD physiological fMRI responses in the two vascular layers enable further investigation of retinal physiology, allowing segregation of layer-specific effects. These hyperoxic and hypercapnic results support the contention that the two vascular supplies to the retina are differentially regulated. These differential responses are consistent with oxygen-electrode (53) and laser Doppler velocimetry (68) measurements. Laser Doppler velocimetry can only measure blood flow in the optic nerve head, or choroidal blood flow in the human fovea, where retinal vessels are absent. Finally, we note that the BOLD signal source is a complicated convolution of changes in blood flow, blood volume and other biophysical parameters (29, 69) . More direct layer-specific MRI measurement of blood volume and blood flow could confirm these layerspecific BOLD physiological fMRI findings.
MRI has also been used to document oxygenation changes in the vitreous adjacent to the retina using the DPO 2 technique (36). The DPO 2 signal contrast is based on dissolved molecular O 2 , a weak paramagnetic relaxation agent. Vitreal oxygenation changes have been shown to be sensitive to carbogen breathing (95% O 2 þ 5% CO 2 ) relative to air, and vitreal oxygenation changes have been reported in normal and diabetic rats (38) and humans (40) .
BLOOD-FLOW MRI
To further corroborate the BOLD and blood-volume findings, blood-flow MRI and physiological fMRI were measured. Blood flow can be directly imaged by MRI using: (i) the dynamic susceptibility contrast technique with a bolus of an exogenous intravascular contrast agent or (ii) the arterial spin-labeling (ASL) technique in which the endogenous water in the in-flowing blood is magnetically labeled non-invasively (70) . These bloodflow methods (71) (72) (73) (74) (75) (76) are established and have been extensively cross-validated with autoradiography (77) and positron emission tomography in the brain (78, 79) . Importantly, the ASL technique permits repeated measurements, which can be used to dynamically monitor blood flow in real time. This can be used to monitor changes associated with stimuli (i.e. fMRI), to improve signal-to-noise ratio and spatial resolution (70) . ASL offers an advantage over dynamic susceptibility contrast MRI, which can only be performed once because of recirculation of the long intravascular half-life contrast agent, which generally precludes it from use for very high-resolution blood-flow measurement which requires signal averaging. Moreover, ASL blood-flow fMRI can be tailored to be more sensitive to blood flow in smaller vessels, which better reflects local tissue perfusion, and is more spatially specific to sites of increased neural activity compared with the BOLD fMRI signal, which is susceptible to 'draining vein' contamination (27) . The key challenge is that the signal-to-noise ratio of bloodflow MRI is two orders of magnitude lower than that of the typical anatomical and BOLD MRI because the blood volume in the brain is only 3-5% of total tissue volume. Blood volume in the retina is probably similar to that in the brain. Nonetheless, blood-flow MRI has the sensitivity and specificity to resolve cortical columns in the brain (27) . Basal blood flow and stimulus-evoked and pathology-induced blood-flow changes have been well described in the brain (70) (71) (72) (73) (74) (75) (76) (80) (81) (82) . However, bloodflow MRI application in the retina requires significantly higher spatial resolution.
Basal blood flow
We implemented the ASL technique with a separate neck labeling coil and snap-shot gradient echo-planar imaging to measure quantitative blood flow in the rat retina (90 Â 90 mm) (83). The butterfly neck coil was placed at the position of the common carotid arteries for ASL. The neck and the eye coils are actively decoupled (83) . Bloodflow signals (S BF ) in mL/g/min are calculated pixel-bypixel using
, where S C and S L are signal intensities of the nonlabeled and labeled images, respectively, l, the water tissue-blood partition coefficient, is 0.9 (84), T 1 is 1.7 s at 7 T, and a, the ASL efficiency, is 0.8 (83) . Quantitative basal blood-flow images at 90 Â 90 mm showed excellent contrast in the rat retina and the ciliary body, whereas blood flow in the lens, cornea and vitreous were within noise level (Fig. 9A) (34) . Blood flow was confirmed as the source of the signals by repeating measurements after the animals had been sacrificed in the scanner, revealing no statistically significant blood-flow contrast in the postmortem retina (mean 0.03 AE 0.01 mL/g/min, n ¼ 3). Blood flow was relatively constant along the length of the retina as a function of distance from the optic nerve head (Fig. 9B) , except that it fell significantly at the distal edges where the retina terminates, as expected. The whole-retina blood flow was 6.3 AE 1.0 mL/g/min (mean AE SD, n ¼ 6) under 1.1% isoflurane, remarkably higher than previous measurements of cerebral blood flow of 0.9 AE 0.13 mL/g/min (85) and 1.1 AE 0.04 mL/g/min (64) under essentially identical experimental conditions. These findings are consistent with blood flow in the retina and brain obtained in the same animals using microsphere techniques (86, 87) . The current spatial resolution of blood-flow MRI is insufficient to resolve the two vascular layers, and the measured value is in between the retinal and choroidal blood flow. Improving resolution and sensitivity to resolve the two vascular layers and the avascular layer is under investigation.
Hyperoxic and hypercapnic challenge
In addition, we also investigated blood-flow responses to physiological challenge in the retina. Physiological stimuli evoked robust blood-flow changes in the retina. Hyperoxia decreased blood flow, whereas hypercapnia increased blood flow relative to air (Fig. 10A) (34) . Group-averaged blood-flow profiles across the retinal thickness (from sclera to vitreous) before and during physiological challenges are shown in Fig. 10B .
To further demonstrate the sensitivity of this technique, measurements were also made at two different isoflurane concentrations in air. Blood flow in the retina increased from 6.3 AE 1.0 mL/g/min (mean AE SD, n ¼ 6) under 1.1% isoflurane to 9.3 AE 2.7 mL/g/min (mean AE SD, n ¼ 6) under 1.5% isoflurane (P < 0.05) (34) . Isoflurane is a known potent vasodilator in the brain (88) , where cerebral blood flow under 1.1% isoflurane (1.27 AE 0.29 mL/g/min) was higher than in awake restrained conditions (0.86 AE 025 mL/g/min) in the same animals (89). Increasing isoflurane concentration from 1% to 2% increased cerebral blood flow from 0.87 AE 0.27 to 1.31 AE 0.30 mL/ g/min in the same animals (90). Our retinal blood-flow results suggest that isoflurane has an overall stronger vasodilatory effect on vessels in the retina than in the brain. The effects of isoflurane on retinal and choroidal vessels remain to be investigated.
In sum, these data demonstrate a proof of principle that quantitative basal blood flow in the retina and its responses to physiological stimuli can be reliably imaged using non-invasive, high-resolution MRI without depth limitation. Alteration of blood flow is involved or contributes to the pathogenesis of many retinal diseases and, thus, blood-flow measurements of the retina may provide important clinically relevant information. Importantly, the quantitative nature of blood-flow MRI will allow comparisons among different experimental groups and is well suited for longitudinal monitoring of disease progression. Improving spatial resolution to resolve blood flow in the retinal and choroidal vasculature is currently under investigation.
FMRI OF VISUAL STIMULATION
Visual stimulation BOLD fMRI has been successfully used to detect retinal responses to visual stimulation in cats, but at insufficient spatial resolution to probe layer specificity (91) . Visual stimuli using drifting gratings with dark as the basal condition were presented to an upper or lower quadrant of the visual field in anesthetized cats. As expected, a stimulus presented in the upper half of the visual field stimulated the lower part of the retina, whereas stimulus presented in the lower half of the visual field stimulated the upper part of the retina evident in spatially distinct retinal changes in the BOLD fMRI signal (Fig. 11A) .
Stationary versus drifting gratings
To gauge the BOLD fMRI sensitivity, we investigated drifting and stationary gratings with identical contrast and luminance relative to dark as the basal condition (Fig. 11B) (91) . Although both drifting and stationary gratings evoked increased BOLD fMRI signals relative to the dark condition, signal change associated with the drifting gratings (2.0 AE 0.3%, mean AE SD, n ¼ 2, four measurements) were twice that associated with stationary gratings (1.0 AE 0.1%) (P < 0.02), demonstrating the sensitivity of BOLD fMRI to detect small differences between stationary and drifting gratings of the same luminance. Future studies will focus on resolving layerspecific blood-flow, blood-volume and BOLD fMRI responses to cell-type-selective visual stimuli.
MEMRI MEMRI
Manganese (Mn) is both an MRI contrast agent and a calcium analog. Unlike calcium, Mn is trapped in the intracellular space with a half-life of a few days (92, 93) , and thus selectively enhances intracellular water MRI signals. MEMRI (76, 94) has been used to map increased calcium-dependent neural activity, independent of hemo- dynamic changes, and to track in vivo white-matter fiber connectivity because Mn can be packaged, released and transported across synapses like calcium (95) . MEMRI application is expanding rapidly. Recent reports include somatosensory and pharmacological stimuli, stroke with perturbed Mn uptakes, and white-matter diseases with perturbed Mn synaptic transport in the brain [see reviews (96, 97) ]. MEMRI has also exploited regional differences in basal calcium activity in the brain to improve anatomical contrast (98, 99) .
We explored the use of MEMRI to improve anatomical contrast among retinal layers (33) . MnCl 2 was injected directly into the vitreous and imaged at 25 Â 25 mm inplane resolution 24 h after injection. High-contrast MEMRI of normal retinas revealed seven distinct bands of alternating hyper-and hypo-intensities (Fig. 12) . The signal intensity profiles across the retinal thickness showed a diffuse bright band closest to the vitreous (#1) and three bright bands (#3, #5 and #7) interspersed among three dark bands (#2, #4 and #6). To confirm vascular layer boundaries, GdDTPA was injected intravenously into the same animal. GdDTPA enhancement was consistently seen in retinal layers 1-3 and in layer 7 but not in the sclera, vitreous or in retinal layers 4-6.
Layer assignments
Taken together, these results suggest that the brighter bands are associated with cell bodies, whereas the darker bands are associated with plexiform (synaptic) and photoreceptor segment layers. We tentatively assigned (33) bands 1-3 in MEMRI as the GCL, IPL and INL, respectively. These bands were also enhanced by GdDTPA, consistent with known vascularity. Bands 4-6 were tentatively assigned as the OPL, ONL, and IS þ OS. These bands were not significantly enhanced by GdDTPA, although the partial-volume effect may limit resolution. Band 7 was heavily enhanced by Mn, consistent with Mn accumulation in the endothelial cells lining the choroidal vessels that form the blood-retinal barrier, similar to Mn accumulation in the brain attributed to the cerebral vascular endothelium (76, 94) . Band 7 was further and strongly enhanced by GdDTPA, confirming its vascularity, and was assigned as the choroidal vascular layer. Direct validation of these layer assignments are under investigation.
MEMRI of the retina after intraperitoneal Mn administration has also been reported to reveal three, as opposed to seven, distinct retinal layers (37) . This approach was also used to visualize differences in MEMRI accumulation between prolonged light and dark adaptation (41) and between normal and ocular injury or diseases (42, 43) , including glaucoma (100).
APPLICATIONS TO RETINAL DISEASES
As illustrated in the data presented above, MRI applied to the retina is a powerful technique for non-invasively obtaining anatomical, functional, blood-flow, and bloodvolume data on the retina. These non-invasive imaging technologies could enable longitudinal staging of diseases and testing of therapeutic interventions, and ultimately improve our understanding of disease processes in vivo. As an example of potential disease applications, we used these MRI technologies to investigate two retinal diseases that represent leading causes of blindness: retinitis pigmentosa and diabetic retinopathy.
Retinitis pigmentosa
Retinitis pigmentosa is a family of hereditary photoreceptor degenerative diseases characterized by progressive loss of vision and affecting about 1.5 million people world wide (101) . Over 150 different gene mutations are known to cause progressive photoreceptor degeneration (http://www.sph.uth.tmc.edu/Retnet). Evaluation of emerging treatments intended to slow or reverse retinal degeneration, including vitamin A supplementation, intravitreal administration of growth factors (102) and neuroprotective drugs (103), gene therapy (104) , and prosthetics (105) would benefit from in vivo monitoring of the disease.
The Royal College of Surgeons (RCS) rat (106) is an animal model that shares a mutation in the Mertk gene with many patients with retinitis pigmentosa (107) . This mutation results in impaired phagocytosis of the shed photoreceptor outer segment by the retinal pigment epithelium (108) . The RCS rat retina begins to degenerate $20 days after birth (P20) and is complete by P90 (53, 109) . Although RCS rat retinas have been well characterized genetically (107) and histologically (110, 111) , the lack of non-invasive physiological imaging techniques limits the investigation of the physiological and functional changes and temporal progression in vivo.
We compared retinas of RCS rats by MRI at P16 and P120, representing stages before and after degeneration (9) . At P16, three distinct layers were visible, confirming normal retinal morphology (Fig. 13) . However, at P120 only a single band was visible. Intravenous GdDTPA administration enhanced the entire retinal thickness in the P120 RCS rat, consistent with the loss of the avascular ONL and IS þ OS. Intensity profiles revealed an absent middle band and an overall thinning of the P120 retina. Interestingly, the outer band appeared slightly thickened. The loss of photoreceptor layers and thinning of retinal thickness was confirmed in histological sections of the same retinas (9) . These results are summarized in Table 2 . Note that the retinas at P16 are thicker than adult retinas (total thickness determined by MRI, 267 AE 31 mm, n ¼ 24, and by histology 205 AE 11 mm, n ¼ 9, mean AE SD), suggesting an age-dependent effect.
BOLD fMRI associated with hyperoxia and hypercapnia was also performed on P120 RCS rats. BOLD fMRI changes in response to hyperoxia in P120 were detected in both retinal and choroidal vascular layers (inner band, 4.2 AE 2.5%; outer band, 8.7 AE 2.4%; mean AE SD, n ¼ 4). However, they were significantly smaller than those of control animals (7 AE 2% and 12 AE 2%, respectively; mean AE SD, n ¼ 8). In response to hypercapnia, BOLD fMRI responses largely disappeared from P120 RCS rat retinas (inner band, À0.02 AE 6.5%; outer band, 0.003 AE 6%; mean AE SD, n ¼ 4), in contrast with those of control animals (10 AE 2% and 1.6 AE 1%, respectively; mean AE SD, n ¼ 8). Diminished BOLD response in the choroidal vasculature is perhaps not surprising, as the choroidal vasculature supplies predominantly the ONL, which has degenerated by P120 in the RCS rat. The reduced BOLD response in the retinal vascular layer may be a secondary effect of photoreceptor degeneration (i.e. thinning of the inner retina). The observed structural changes are consistent with perturbed neural-vascular coupling, as evidenced by abnormal RCS rat retinal oxygen profiles under basal conditions (53) . Perturbed retinal circulation has also been reported in human retinitis pigmentosa (112) . We know of no publication describing laser Doppler flow or intrinsic optical imaging physiologically evoked or stimulus- evoked changes in RCS rat retinas. Blood-flow perturbation associated with retinal degeneration has also seen reported recently in a conference abstract (113) .
In brief, non-invasive imaging technologies that can pinpoint layer-specific cellular and vascular changes would enable longitudinal staging of the disease, accurate testing of therapeutic interventions, and improved understanding of disease processes in vivo. In turn, the RCS rat retina with progressive degeneration of the outer retinal layers can help in MRI retinal layer assignments and thus offers an ideal model for testing emerging highresolution MRI technologies.
Diabetic retinopathy
Diabetic retinopathy is the leading cause of blindness for people between the ages of 20 and 74 (114) . Vision loss from diabetic retinopathy is preceded by vascular perturbations including thickening of the vascular layer, altered vascular autoregulation, enhanced permeability, and vascular occlusion (115) (116) (117) (118) . Insufficient oxygen delivery causing retinal hypoxia is believed to lead to proliferative diabetic retinopathy (119) (120) (121) , although direct evidence is lacking. Laser panretinal photocoagulation, the most established treatment for diabetic retinopathy, limits proliferative neovascularization and prevents vision loss, but sacrifices the retina (114) . Consequently, laser panretinal photocoagulation is indicated only after diabetic retinopathy is firmly established. Laser panretinal photocoagulation is thought to reduce photoreceptor oxygen consumption, allowing choroid-derived oxygen to reach the inner retina and reduce inner retinal hypoxia, which reduces neovascularization (119, 120, (122) (123) (124) (125) . Less destructive interventions, applicable at earlier pathogenic time points, are desirable. However, diagnostic criteria for diabetic retinopathy before the establishment of vascular dysfunction do not yet exist. Despite intense efforts, studies have failed to identify a single clinically significant parameter that predicts the development of diabetic retinopathy (115, (126) (127) (128) (129) . Consequently, investigative modalities with the potential to evaluate structural and functional attributes of retinas are needed. In this context, retinal MRI may provide critical data.
To demonstrate the feasibility of MRI to detect diabetic retinopathy changes before the development of late-stage vasculopathy, we compared rat retinas after 3 months of streptozotocin (STZ)-induced hyperglycemia with agematched, non-diabetic controls (130) . Male SpragueDawley rats (200-250 g) were made diabetic by intravenous injections of streptozotocin (100 mg/kg). Diabetes was defined as two successive daily random blood glucose values >200 mg/dL. Random blood glucose measurements were performed twice a week using a hand-held blood glucose monitor. Small doses of insulin were provided to prevent weight loss, but maintain hyperglycemia. Insulin was administered by subcutaneously implanted continuous-release pellets (Linplant; LinShin, Scarborough, ON, Canada), composed of microcrystalized palmitic acid and bovine insulin. MRI showed that the inner and middle layer thicknesses (Table 3) , constituting the neural retina, remained unchanged in diabetic retinas 3 months after STZ injection. Interestingly, the outer 'choroid' layer thickness increased in diabetic retinopathy. We are not aware of any report on choroidal vascular layer thickness of diabetic retinopathy in vivo. Histological analysis of choroidal thickness is susceptible to artifact, as the extracted retina often detaches at the retinal pigment epithelium, excluding the choroid. Further, choroidal blood vessels collapse once dissociated from systemic blood flow. These findings underscore the potential for retinal MRI for longitudinally monitoring early changes in the progression of diabetic retinopathy.
In addition, we used BOLD fMRI to compare retinal blood oxygenation during early diabetic retinopathy in response to changes in inhaled gases 3 months after STZ injection when vascular changes are not readily apparent in rats. STZ-diabetic and control rats were ventilated sequentially with 100% O 2 to induce hyperoxia, or 5% CO 2 to induce hypercapnia, relative to air as the baseline. Our preliminary analysis found that, although the percentage change in activated pixels was not significantly different between diabetics and controls, the number of activated pixels in all layers was diminished in diabetic rats. Group-average histogram plots for the number of pixels versus BOLD percentage changes are shown in Fig. 14. For O 2 challenge, the area under the curve for diabetes was 42% smaller than for controls (P < 0.01, n ¼ 6). For CO 2 challenge, the area under the curve for diabetes was 33% smaller than for controls (P < 0.01). Physiological fMRI thus has the potential to detect early onset of diabetic retinopathy and to stage the progression of early diabetic retinopathy. The DPO 2 technique has also been used to study diabetic retinopathy. The carbogen-induced DPO 2 increase in rats with diabetic retinopathy was smaller than in control rats (44) , suggesting a subnormal DPO 2 response in the early phase of diabetic retinopathy. In contrast, in human diabetic retinopathy, the DPO 2 increase was larger than in normal controls, and the DPO 2 increases were not dependent on diabetic retinopathy severity, the opposite of that of the rat data (40) . The authors explained that this discrepancy was due to the differences in the length of hyperoxic exposure (131) . Reduced Mn accumulation has also been reported in early diabetic retinopathy (42) .
SUMMARY AND FUTURE PERSPECTIVES
This review summarizes the development and application of lamina-specific anatomical, physiological and functional MRI to the study of normal and diseased retinas. These MRI technologies reveal unique differential hemodynamic regulation in the two vascular layers of the retina. Some key advantages of MRI are its capacity to resolve depth information and provide comprehensive, layer-specific anatomical, physiological and functional information in a single setting. Key disadvantages of MRI include the lower spatial and temporal resolution compared with optical imaging techniques. High-resolution MRI of the retina requires stability of the scanner and the eye. Optimization with FASTMAP shimming, custom eddy-current compensation for echo-planar imaging, image co-registration, and phase correction along the phase-encoding acquisition are important.
We predict that continuing advances in MRI technologies, including gradient performance, low-noise preamplifier, high-field scanners, novel pulse sequences, more sensitive detectors, and faster acquisition methods (such as parallel imaging to accelerate k-space acquisition), will broaden MRI applications in the retina. In return, the retina, with well-defined laminar structures, is an excellent model for advancing emerging highresolution MRI technologies.
Although non-invasive MRI is expected to streamline human applications, much work remains before its clinical utility can be realized. The main challenges for layer-specific retinal MRI in awake humans are to minimize eye movement and to achieve sufficient spatial resolution given the clinical magnetic field gradient capability. With continuing advances in faster imaging techniques and improved gradient capability, we are hopeful that these challenges will be met. Nonetheless, MRI should readily serve as a valuable tool for studying normal retinal physiology and retinal diseases in animal models. Figure 14 . Anatomical and functional MRI of diabetic retinopathy. The numbers of activated pixels in all layers were diminished in diabetic animals 3 months after streptozotocin injection. Group-average histogram plots of number of pixels versus BOLD percenta ge changes. For O 2 challenge, the area under the curve for diabetes was 42% smaller than for controls (P < 0.01). For CO 2 challenge, the area under the curve for diabetes was 33% smaller than for controls (P < 0.01). This figure has appeared previously in abstract form (130) .
